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Abstract
The goal of this project is to create a system that would be able to poll data from the feet while running.
The system would have to be mobile and durable enough to withstand the forces of running. The shoe
insole would require force sensors that will take force readings of the user’s feet while running and
transmit the data through a microcontroller. The microcontroller must then transmit the data via Bluetooth
towards another system that would be able to capture and analyze the data. 
By monitoring the force

impact on the foot, we can use that data for analysis and improve our running form. This will
then be a selfrehabilitation tool to correct running form and prevent injury.
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Background
The project will detect the unique impact an individual has on their foot when running. This data
is important because a lot of runners neglect running form which can cause injury such as shin
splints and tendonitis. By monitoring the force impact on the foot, we can use that data for
analysis and improve our running form. This will then be a selfrehabilitation tool to correct form
and prevent injury. We will use these FSRs to classify a user’s running form to be either
heelstrike, midfoot strike, or forefoot strike dominant and determine which types of
remediation are most applicable to fix running form.

FootStrikes
Heel Strike (Fig. 1)
Impact of the foot is initiated with the heel. The foot becomes two to three times more impacted
compared to a midfoot strike.

Figure 1: Heel Strike
MidFoot Strike (Fig. 2)
The controlled elongation of the foot gives proper support and neutral pronation. Compared to
forefoot or heel strikes that result in over pronation, the midfoot strike supports the foot from
the transition between impact of the toe and the heel.

Figure 2: Midfoot Strike
4

Forefoot Strike (Fig. 3)
Forces are concentrated on the toe which are distributed across the arch. This also makes an
extremely stiff ankle when the foot prepares to leave the ground, risking injury.

Figure 3: Forefoot Strike
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System Descriptions
Software
The project utilizes two force sensitive resistors (FSRs) that will record the pressure from the
foot. The FSRs are configured with the ADC interface and the output values will be interpreted
via software. The two channels of information will be fed into the C code and from there, with
variables like the time differentiation between the two FSRs, classify what sort of foot strike the
user executed. Running behavior will be deduced from the data via the FSRs. With this, the
classification of the data was sent to the bluetooth serial port via the UART that was configured
in the ATMega328p controller. The application tracks the distribution of forces on the runner’s
feet as they make contact with the ground. Our software algorithm will process the data and
classify it as a heel, midfoot, or forefoot strike. The data is processed in realtime and transmitted
via bluetooth to the user’s cellular phone. Runners can utilize the app in different ways. Because
the information is displayed in realtime, the runner can monitor their foot strike and
performance as they run.

Figure 4: Software Flow Diagram
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Hardware
This project will will take the data telemetry from wired to wireless with the addition of the
Bluetooth Mate Silver. The LilyPad Arduino powering the FSRs will be placed on top of the
shoe and collect data from the FSRs. Since the LilyPad does not have a dependable power
source, it will be powered by a Lithium Ion battery. The readings from the FSRs will be
transmitted to a “home” Arduino connected to a laptop where it will show visualizations of the
data being transmitted.
Figure 
5
shows the system block diagram for this project. Two different Arduinobased
microcontrollers will be used; the LilyPad on top of the shoes and the Arduino Uno R3 to be
connected to a laptop. The FSRs will be embedded in shoe insoles and will transmit data to the
LilyPad. The BlueTooth Mate Silver chips on both microcontrollers will allow wireless data
transmission from the shoe to the laptop.

Figure 5: System Block Diagram
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Component Design
There are 3 hardware components and 1 software component for this project; the ATmega328
microcontroller, two Interlink 406 FSRs, two 1.2k
Ω
resistors, and C code. Figure 6
below shows

the circuit diagram of our implementation. The ATmega328p interfaced with the FSR circuit that
includes two FSRs and two 1.2k
Ω
resistors. The FSR data is continuously being polled to the
ATmega328p via the ADC ports 0 and 1. Each port handles a signal from the FSR reading; port
0 connects the heel sensor and port 1 connects the fore sensor. Voltage is supplied to the FSR
circuit from the ATMega328p microcontroller at 5V. The circuit is connected to a common
ground with the ATMega328p.

Figure 6: Circuit Diagram

Mechanical
Figures 713 show the timeline of the project prototyping. The initial concept design is shown in
Figure 7 as we would want to embed our sensor network with the microcontroller in the insole
itself. Figure 8 shows our first prototyped circuit on a breadboard that utilized an Arduino R3, a
commercial prototyping board. We have then switched our microcontroller of choice to the
LilyPad microcontroller and have created a 3D printed housing to be placed on the flap of the
shoe. Figures 910 show the progression of casings and figure 10 shows the second prototype for
Sole Good. Currently, we are on the stage where we would want to refine our prototype further
towards the concept model shown in figures 11 and 12.
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Figure 7: Initial Concept Design

Figure 8: First Prototype

Figure 9: First Prototype Iteration of the Lilypad Housing
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Figure 10: Second Prototype Iteration of the Lilypad Housing

Figure 11: Second Prototype

Figure 12: Third Prototype Iteration of the Lilypad Housing with Protective Case
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Figure 13: Third Prototype Render
For testing and validation, we have taken the system to the Cal Poly track and have tested the
product with random runners on the track. The links below show two case studies and their gait
analysis from the system and from that data, it can be crossreferenced by the video footage to
validate their running form.
Sole Good Demo Day Participant Chris: 
http://tinyurl.com/kd96ffo
Sole Good Demo Day Participant Jon: 
http://tinyurl.com/orfaj52
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User Manual
Setting up the Microcontroller
● ATMega328p
○ Connect the 5V rail towards the positive rail on the breadboard
○ Connect the common ground towards the negative rail on the breadboard
○ Create a simple circuit with 2 1.2kOHM resistors in series
○ Connect two wires from ADC0 and ADC1 on the controller in front of the
resistors towards the breadboard
○ Connect the positive and negative terminals of the FSR sensors behind the
resistors
Setting up the Bluetooth Mate Silver Chip
● Connect the 3.3V source on the ATmega328p towards the BlueTooth Mate chip under
Vref
● Connect the BlueTooth Mate chip towards the common ground
● Connect the TX pin on the ATmega328p towards the RX pin on the BlueTooth Mate chip
● Connect the RX pin on the ATmega328p towards the TX pin on the BlueTooth Mate chip
● RTS and CTS can be shorted or left floating
Setting up the System
● BlueTooth Mate Silver
○ Configure the board to have a baud rate of 9600
○ Upload the Sketch code and enter “$$$” in the Serial Command
○ Type “SW, 9600” to set the baud rate and “” to exit
○ Unplug the BlueTooth Mate Silver and reconnect to confirm settings
Running the System
● Connect the 9V battery adapter or the USB adapter, depending if you want an
independent or dependent power source
● Download the “BlueTooth Terminal” app on your phone (found across all major carriers)
● Click “Search for Devices” and connect to “BlueTooth Mate Silver”
○ The chip should transition from a blinking red LED to a solid green LED
● Put shoe insole inside the shoe
● Exhibit real time data analysis from the insole!
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Testing
Force sensitive resistors are essentially resistors that increase/decrease current based upon the
amount of force applied towards the sensor pad. We can validate the FSRs to be correctly
interfaced by doing boundary testing to validate the max and mins of the resistor. Since it is a
resistor, we can put a resistor in parallel to drive down the voltage output of the FSR to make it
more difficult to reach the peak voltage.
● Wireless Telemetry
○ Interface the BlueTooth Mate Silver chips on both microcontrollers
○ Wireless logging of the data from the shoe controller to the main controller
● Behavior testing
○ Jogging place will reap various pressures on the sensor to be interfaced
○ Wireless logging of the data from the shoe controller to the main controller
● Durability testing
○ Come up with a way to package the LilyPad sensor on the shoe that will secure it
in use
Calibration of FSRs (cont.)
As mentioned earlier in the testing plan, the FSRs were calibrated in relation to a Garmin Fenix2
watch used. The Fenix2 includes various sensors not limited to highsensitive GPS positioning,,
3axis compass, and most importantly data for cadence, ground contact time, and vertical
oscillation. The FSRs were calibrating using these data metrics in order to determine if the
tracking of the different heel strikes were accurate to be logged. The Fenix2 watch was used to
provide insight on running data metrics that was used to calibrate the FSRs in the software and
the hardware configuration on the Arduino. Below are diagrams that breakdown a 5K run that
John did. This data provides much insight towards his running gait and was used to validate the
calibration done on the FSRs.

Data from a 5K Run
Figure 14 shows the pace and elevation distribution across the run. Here the pace and elevation
had a positive relationship in that when elevation increased, the running pace would decrease.
This would effectively happen as an incline in the ground would occur, taxing the legs of the
runner as more effort would have be exerted during the climb. This also works in the way where
elevation is decreasing, meaning the runner is on a downhill slope. The gravity and decline in
slope accelerates the runner forward, thus making the runner move faster with less effort
necessary. These two metrics have a direct correlation to cadence, vertical oscillation, and
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ultimately the ground contact time because the turnover rate for running are being affected by
external factors such as if the running surface is flat or hilly.

Figure 14: Pace and Elevation Distribution
Figure 15 shows the cadence and vertical oscillation distribution across the run. Throughout the
cadence graph shown on top, the runner keeps an average of 160170 steps per minute. This
turnover rate is considered to be optimal for efficient running as any less would mean the runner
is over striding and any more would mean the runner is sprinting, rather than running. Cadence
has a direct effect on ground contact time because the turnover rate of the feet dictates how fast
the feet approaches the ground, which directly correlates to the ground contact time. If cadence
increases, the mean ground contact time will decrease and vice versa, which all have an effect on
the way the foot strikes the ground.
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The vertical oscillation graph shown on the bottom shows how high the runner’s body moves in
the air, measured in cm. This has an effect on the type of foot strike as the vertical oscillation
dictates how much bounce is experienced while the runner is running. Here, the vertical
oscillation reaches orange and red levels, which is prone to injury. This has a direct effect on
ground contact time as the force of the foot striking the ground will be a lot higher due to the
bouncynature of the run as well as increase the ground contact time. Therefore, cadence and
vertical oscillation are important components in ground contact time and can dictate different
running strikes.

Figure 15: Cadence and Vertical Oscillation

The average ground contact time graph shown in figure 16 portrays how long the foot is present
on the ground. This graph is ultimately affected by figures 14 and 15 because those running
components shape each other and dictate how long the foot will strike the ground for. Figure 12
shows that the average time that a foot is on the ground is around 250milliseconds, effectively
giving us information that the heel and the forefoot are on the ground for that period of time.
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This data is extremely useful because it tells us the delay from when the foot is in the air and
when the foot leaves the ground after a foot strike.

Figure 16: Average Ground Contact Time
Case Studies
The product was taken to the Cal Poly track and anonymous subjects used the product. Enclosed
below are two subjects, Jon and Chris, who have different running backgrounds and form. Chris
is a more experienced runner stating he has 4 years track and field experience. Jon just recently
picked up running and runs a few miles a week.
Chris:
Figure 17 shown below portrays the data captured from our product during his run on an athletic
track surface. The data shows that Chris has a midfoot strike as both sensors record the same
amount of force between 950 – 1000 points. Once his foot is elevated, Chris’ toes point up which
decreases pressure on the fore sensor and increases pressure on the heel sensor. This is shown as
his heel sensor readings are much greater than his fore sensor readings.
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Figure 17: Chris’ Strike Graph from Calibration Testing
Jon:
Figure 18 shown below portrays the data captured from Jon testing our product during his run on
an athletic track surface. Two behaviors of data are shown; from time 0 to 8 (each period is 200
milliseconds), the subject was walking and began after time 11. When walking, Jon lands with
his heel first as dictated by the higher readings of the heel sensor compared to the fore sensor.
When running, Jon lands with his heel first as shown by the higher readings heel sensor. A mild
heel strike occurs as the heel sensor readings happen roughly 100 milliseconds before the fore
sensor is actuated.

Figure 18: Jons’ Strike Graph from Calibration Testing
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Lessons Learned
One concept that halted development was the initialization of the ADC with the FSR. The FSR
will be outputting analog data into the ATmega328p, yet the data will have to be converted into
digital so that software can utilize the data. For the project, a BlueTooth Mate Silver chip was
used to connect the FSRs and parse the data wirelessly. Another roadblock that we faced was
that a lot of time was spent trying to interface the controller via C code. 
To our dismay, the chip
is only functional by using Sketch code as it requires specific Sketch functions provided by
SoftSerial.h and NewSerial.h. Sketch had to be used to configure the bluetooth chip's baud rate
as the default does not match to the proposed settings. Since it is defaulted to 115200, it is too
high of a rate for data transmission and had to be lowered to a baud rate of 9600. UART interface
the Bluetooth Mate Silver chip towards the Arduino controller.
If this project could have a different direction from the start, I would approach the building of the
system differently by using a differently microcontroller from the start. Using an Arduino to
prototype functionality is fine, however, I ran into a roadblock as the controller itself has too
much of a footprint to be considered a “wearable” product. I had to shift to the Lilypad Arduino
controller late in the project development and determine a way where it could be housed during
the run.
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Conclusion
The development of this project aided my understanding of interfacing the ATmega328p with
external components such as the Interlink FSR 406 FSR. Learning was assimilated by reading
the datasheets describing the ADC as well as the Interlink 406 FSRs and also completing the
tutorials effectively for these topics. The topic of the ADC was also beneficial for establishing
connection to the FSRs in an efficient manner.
The analysis done with the Garmin Fenix2 watch provided us a lot of various data metrics
depicting the 5K run that I did. Breaking the run into the very intrinsic attributes such as
cadence, pace, elevation climbed, vertical oscillation, and average ground impact time gave me a
lot of information about how he runs and how it eventually shaped his foot striking behavior.
This allowed the development of our project to flourish and led to our next case studies with
Chris and Jon. During our demo day at the track, I was able to reap data from the two runners
from distinctly different running backgrounds and confirm their running form with the force
sensor data that was outputted. In the future, I will perform various tests as this data is still
empirical, which will give us the validation that our sole network is correctly interfaced and
classifying different foot strikes.
In conclusion, I am very satisfied with the development that has been done over the past year and
a half. The main point of data telemetry in transforming the FSR data into something useful and
applicable, from being archaically hardwired to the board, was the transmission of data. With the
Bluetooth Mate Silver, the project was able to achieve wireless communication and allow the
product to be feasibly used.
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Bill of Materials

Item

Price

Caulk Gun
http://www.homedepot.com/p/
HDX6025CaulkGunHD10
9/202036529

$2.47/each x 1 = $2.47 + tax = $2.67

10oz Tube of Silicone
http://www.homedepot.com/p/
RedDevilProWhite101oz
SiliconizedAcrylicAdhesive
Sealant0856HD/202261775

$2.28/each x 4 = $91.20 + tax = $9.85

Thunderglow Yellow ABS
http://www.robo3dprinter.com
/collections/3dprintersandfil
ament/products/yellowabs1k
gspool

$35.00/each x 1= $35.00 + tax = $37.80

SparkFun Bluetooth Mate
Silver
https://www.sparkfun.com/pro
ducts/12576

$24.95/each x 2 = $49.9 + tax = $53.89

Lilypad Arduino
https://www.sparkfun.com/pro
ducts/10274

$14.95/each x 4 = $59.8 + tax = $64.58

LilyPad Xbee
https://www.sparkfun.com/pro
ducts/12921

$14.95/each x 4 = $59.8 + tax = $64.58
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Force Sensitive Resistors
https://www.sparkfun.com/pro
ducts/9673

$5.95/each x 8 = $47.6 + tax = $51.41

Header  6 Pin Female
https://www.sparkfun.com/pro
ducts/9429

$0.95/each x 4 = $3.80 + tax = $4.10

Digital Calipers
https://www.sparkfun.com/pro
ducts/10997

$14.95/each x 1 = $14.95 + tax = $16.15

Total

$305.04
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